We discuss the properties of AlGaN / GaN superlattice (SL) related to the feasibility of a terahertz-range oscillator. The distortion of the conduction-band profile by the polarization fields has been taken into account. We have calculated the conduction-band offset between the pseudomorphic AlGaN barrier and the GaN quantum well, the first miniband width and energy dispersion, as functions of Al content in the barrier. As the short-period SL miniband energy dispersion contains contributions from next to nearest neighbors, it causes anharmonic electron oscillations at the multiples of the fundamental Bloch frequency. Negative differential conductivity (NDC) in semiconductor superlattices (SLs) 1 is at the origin of various proposals for compact submillimeter wave sources. The NDC in dc-biased SLs results in traveling electrical domain formation that has been used in a 147 GHz microwave source made of the InGaAs/ GaAs SL.
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We discuss the properties of AlGaN / GaN superlattice (SL) related to the feasibility of a terahertz-range oscillator. The distortion of the conduction-band profile by the polarization fields has been taken into account. We have calculated the conduction-band offset between the pseudomorphic AlGaN barrier and the GaN quantum well, the first miniband width and energy dispersion, as functions of Al content in the barrier. As the short-period SL miniband energy dispersion contains contributions from next to nearest neighbors, it causes anharmonic electron oscillations at the multiples of the fundamental Bloch frequency. The Al content and SL period that favor high-frequency oscillations have been determined. Negative differential conductivity (NDC) in semiconductor superlattices (SLs)
1 is at the origin of various proposals for compact submillimeter wave sources. The NDC in dc-biased SLs results in traveling electrical domain formation that has been used in a 147 GHz microwave source made of the InGaAs/ GaAs SL. 2, 3 Another type of SL source, the Bloch oscillator, 1 is projected to oscillate at the Bloch frequency (terahertz region) and exploits the existence of high-frequency NDC. At the moment, no live example of the Bloch-type source exists because the NDC at zero frequency induces electric-field domains, thus preventing electrons from oscillating at the Bloch frequency. 4, 5 Operation of the SL source relies on carrier dynamics specific to a narrow conduction band. High-frequency and zero-frequency NDC may or may not appear simultaneously depending on details of the miniband electron energy dispersion. If the dispersion is not of simple cosine-type, it is possible to arrange the high-frequency NDC while suppressing the dc instability. This prevents electrical domain formation and allows Bloch oscillations.
The output power of the source depends on the current and voltage swing in the NDC region. Basically, it would be beneficial to high-power device operation if the SL structure was made of a wide band-gap semiconductor. Thus, the GaN / AlGaN SL is a possible candidate for high-power submillimeter wave source. GaN-based electronic devices can sustain higher voltage and are less sensitive to the high dislocation density as compared to narrow-gap GaAs-InAsbased devices.
In this letter, we discuss the properties of an AlGaN / GaN SL relevant to microwave source feasibility. The wurtzite ͑0001͒AlGaN / GaN SL is the intrinsic Stark SL where the polarization fields shift the energy levels of confined electrons. Proper design of a GaN / AlGaN SL source should account for intrinsic electric fields. Polarization fields in a SL stem from the spontaneous polarization in the bulk and lattice-mismatch-induced piezoelectric component. We calculate the electron energy dispersion and width of the first miniband in the intrinsic Stark GaN-based SL and discuss the results related to feasibility of a submillimeter wave source.
The dynamic properties of the SL depend on the conduction-band profile as determined by the conductionband offset. We assume that the band gap in the relaxed Al x Ga 1−x N alloy layer is described as follows:
where E g AlN = 6.2 eV, E g GaN = 3.42 eV, and the bowing parameter b = 1 eV, x is the Al composition of the alloy. We use linear interpolations to calculate the electron effective mass m, (in units of free electron mass) and the lattice parameter a in the basal plane of the alloy:
In-plane tensile strain in thin (pseudomorphic) AlGaN barriers is given as
The band edge positions in the AlGaN layers are given below with the reference energy taken at the valence-band edge of the relaxed layer. The position of the conduction C͑x͒ and valence V͑x͒ bands are given as C͑x͒ = E g ͑x͒ + 3A c ͑x͒,
where the deformation potentials are given in eV and the elastic constants in GPa: 6 Using Eqs. (1)-(4) , the strained layer band gap, i.e., the energy difference between conduction and heavy hole band edges, is given by
The natural valence-band offset ⌬E v between AlN and GaN is 0.8 eV. 7 Assuming linear interpolation between AlGaN and GaN binary ends, ⌬E v ͑x͒ = 0.8x eV, the conduction-band offset is found as follows:
͑6͒
The band gap and conduction-band offset are shown in Fig. 1 as functions of Al content.
Built-in electric fields in a SL, caused by spontaneous and piezoelectric polarizations, can be calculated using the following equations:
where the polarization is given as P total ͑x͒ = P sp ͑0͒ − P sp ͑x͒ − 2͑x͒ ͫ e 31 + e 33
where P sp ͑x͒ = ͑−0.052x − 0.029͒ C/m 2 is the spontaneous polarization in Al x Ga 1−x N alloy; e 31 = 0. Fig. 2 .
The analytically obtained profile from Eqs. (6) and (7), shown in Fig. 2 , was confirmed by numerical calculations with help of the Poisson-Schrödinger solver. Solver-based calculations account for polarization fields by including delta-doped regions that simulate polarization charges at the interfaces.
The first mininband width in InGaN / AlGaN / GaN SLs calculated in Ref. 8 does not account for polarization fields in the structure. In this letter, the miniband energy dispersion in the polarization-distorted band profile was calculated within the tight-binding approximation:
where h͑n͒ = ͵ * ͑z͒h͑z͒͑z − nd͒dz;
where h͑n͒ is the hopping integral, and ͑z͒ is the wave function of a single SL period shown in Fig. 3 . The wave function in Fig. 3 was calculated by solving Schrödinger equation with the potential also shown in Fig. 3 . An electron energy dispersion curve is shown in Fig. 4  (solid line) . It should be noted that in the range of compositions ͑0.18Ͻ x Ͻ 0.4͒ and SL periods d Ͻ 50 Å, the calculation of the miniband energy dispersion requires more than first-nearest-neighbor terms in the dispersion law. Figure 4 illustrates the difference between results obtained using only nearest-neighbors and high-order terms.
The electron energy dispersion in the first miniband, shown in Fig. 4 (solid line) , has more complex behavior than the simple cosine-law normally used in the kinetic equation to study electron dynamics in a narrow band. The reason behind that is the large spatial size of the single-period wave function as compared to the SL period. The calculated miniband width is shown in Fig. 5 .
To verify the validity of the tight-binding approach in short-period SLs, we have studied the 11.7 A thick AlAs-barrier/ 36.3 A-thick GaAs-well SL and obtained good agreement with the experimentally confirmed miniband width. 9 In addition, our results agree well with those obtained with the Kronig-Penney calculations 10 when a flatband approximation is assumed. The reason we use the tightbinding approach instead of the Kronig-Penney approach is that the former easily allows one to include polarization fields into the scheme. Also, the tight-binding scheme in short-period SLs has already been used [11] [12] [13] and experimentally justified in Refs. 11 and 12. Next-to-nearest-neighbor generalization within the tight-binding approach was considered in Ref. 13 with respect to electron dynamic localization and oscillations in biased SLs.
In conclusion, we have found a miniband energy dispersion in the AlGaN / GaN SL. The result accounts for spontaneous and strain-induced polarizations. Miniband width is calculated as functions of the Al composition and layer thickness. It is shown that the short-period AlGaN / GaN SL ͑0.18Ͻ x Ͻ 0.4; d Ͻ 50 Å͒, may provide conditions for the anharmonic electron oscillations at integer multiples of the fundamental Bloch frequency, thus providing the dc-electricfield regions where dynamic NDC is negative while the dc instability is suppressed.
